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(57) ABSTRACT

A silicon-based negative active material that includes a core
including silicon oxide represented by SiO, (0<x<2); and a
coating layer including metal oxide, and the metal of the
metal oxide includes aluminum (Al), titanium (Ti), cobalt
(Co), magnesium (Mg), calcium (Ca), potassium (K), sodium
(Na), boron (B), strontium (Sr), barium (Ba), manganese
(Mn), nickel (Ni), vanadium (V), iron (Fe), copper (Cu),
phosphorus (P), scandium (Sc), zirconium (Zr), niobium
(Nb), chromium (Cr), and/or molybdenum (Mo), the core has
a concentration gradient where an atom % concentration of a
silicon (Si) element decreases to the center of the core, and an
atom % concentration of an oxygen (O) element increases to
the center, and a depth from the surface contacting the coating
layer where a concentration of the silicon (Si) element is
about 55 atom % corresponds to about 2% to about 20% of a
diameter of the core.

17 Claims, 3 Drawing Sheets
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1
SILICON-BASED NEGATIVE ACTIVE
MATERIAL, PREPARING METHOD OF
PREPARING SAME AND RECHARGEABLE
LITHIUM BATTERY INCLUDING SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2012-0092564, filed in the
Korean Intellectual Property Office on Aug. 23, 2012, the
entire content of which is incorporated herein by reference.

BACKGROUND

1. Field

A silicon-based negative active material, a method of pre-
paring the same, and a rechargeable lithium battery including
the same are disclosed.

2. Description of the Related Art

A lithium rechargeable battery has recently drawn atten-
tion as a power source for a small portable electronic device.
It uses an organic electrolyte solution and thereby can have at
least twice the discharge voltage than that of a comparable
battery using an alkali aqueous solution and as a result, has
high energy density.

For positive active materials of a rechargeable lithium bat-
tery, lithium-transition element composite oxides being
capable of intercalating lithium such as LiCoO,, LiMn,O,,
LiNi,_.Co, 0, (0<x<1), and the like have been used.

As for negative active materials of a rechargeable lithium
battery, various carbon-based materials such as artificial
graphite, natural graphite, and hard carbon, which can all
intercalate and deintercalate lithium ions, have been used.
However, recently there has been research into non-carbon-
based negative active materials such as Si for stability and
high-capacity.

SUMMARY

An aspect of an embodiment of the present invention is
directed toward a silicon-based negative active material that
provides a high-capacity rechargeable lithium battery and
improves cycle-life characteristics.

An aspect of an embodiment of the present invention is
directed toward a method of preparing the silicon-based nega-
tive active material.

An aspect of an embodiment of the present invention is
directed toward a rechargeable lithium battery including a
silicon-based negative active material that provides a high-
capacity rechargeable lithium battery and improves cycle-life
characteristics.

According to one embodiment, provided is a silicon-based
negative active material that includes a core including silicon
oxide represented by SiO, (0<x<2); and a coating layer
including metal oxide, wherein the metal of the metal oxide
includes at least one selected from aluminum (Al), titanium
(Ti), cobalt (Co), magnesium (Mg), calcium (Ca), potassium
(K), sodium (Na), boron (B), strontium (Sr), barium (Ba),
manganese (Mn), nickel (Ni), vanadium (V), iron (Fe), cop-
per (Cu), phosphorus (P), scandium (Sc), zirconium (Zr),
niobium (Nb), chromium (Cr), and molybdenum (Mo). The
core has a concentration gradient where an atom % concen-
tration of a silicon (Si) element decreases according to
increase of a depth from a surface contacting the coating layer
to the center of the core, and an atom % concentration of an
oxygen (O) element increases according to increase of the
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depth from the surface contacting the coating layer to the
center of the core, and the depth from the surface contacting
the coating layer where a concentration of the silicon (Si)
element is about 55 atom % corresponds to about 2% to about
20% of a diameter of the core.

In the coating layer, in an integration of an atom % con-
centration of the silicon (Si) element according to the depth
from the surface contacting the coating layer to the center of
the core, an integral value of the atom % concentration of the
silicon (Si) element from a depth of 0 to the depth where the
concentration of the silicon (Si) element is about 55 atom %
may range from about 5000 nm atom % to about 40000 nm
atom %.

According to one embodiment, in the core, the depth from
the surface contacting the coating layer where the concentra-
tion of the silicon (Si) element is about 55 atom % may be
about 100 nm to about 1000 nm of the diameter of the core.

The core may include crystalline Si and non-crystalline
silicon oxide.

The Si may be included in an amount of about 50 wt % to
about 70 wt % based on 100 wt % of the core, and the amount
of'Si includes both the amount of Si in the crystalline Si and
the amount of Si in the non-crystalline silicon oxide.

A concentration of the crystalline silicon (Si) may increase
toward the surface contacting the coating layer.

The core may include SiO,, where 0.5<x<1.5 and x indi-
cates a content ratio of the silicon (Si) element to the oxygen
(O) element.

The core may have an average particle diameter of about
0.1 um to about 100 pum.

The silicon-based negative active material may have a spe-
cific surface area of about 10 m*/g to about 500 m*/g.

A pore may be included in at least one part of the surface of
contact between the core and coating layer.

The coating layer may have a thickness of about 5 nm to
about 100 nm.

A weight ratio of the core to the coating layer may range
from about 99.9:0.1 to about 95:5.

The metal oxide may be Ti oxide, and the Ti oxide may be
TiO,, TiO, (0<x<2), or a combination thereof.

The silicon-based negative active material may further
include an outermost coating layer including a carbon-based
material.

According to another embodiment, provided is a method of
preparing a silicon-based negative active material that
includes a silicon oxide particle represented by coating a
silicon oxide particle represented by SiO, (0<x<2) with metal
oxide to form a silicon oxide particle coated with a metal; and
dipping the silicon oxide particle coated with the metal oxide
in an etching solution to perform etching process.

The silicon oxide particle coated with the metal oxide may
be further surface-treated with a carbon-based material to
form an outermost coating layer after the etching process.

The etching solution may include an etchant selected from
an acid, an F ion-containing compound, and a combination
thereof.

According to another embodiment of the present invention,
a rechargeable lithium battery includes a negative electrode
including the silicon-based negative active material; a posi-
tive electrode including a positive active material being
capable of intercalating and deintercalating lithium; and a
non-aqueous electrolyte.

Here, the silicon-based negative active material according
to an embodiment of the present invention may provide a
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rechargeable lithium battery with high-capacity and
improved cycle-life characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view schematically showing a sili-
con-based negative active material according to Examples of
the present invention.

FIG. 2 is a schematic view showing a rechargeable lithium
battery according to one embodiment of the present inven-
tion.

FIG. 3 is a graph showing cycle-life characteristics of
rechargeable lithium battery cells fabricated using the nega-
tive active materials according to Example 1 and Compara-
tive Example 1.

DETAILED DESCRIPTION

Exemplary embodiments of the present invention will
hereinafter be described in more detail. However, these
embodiments are only exemplary, and the present invention is
not limited thereto.

One embodiment of the present invention provides a sili-
con-based negative active material including a core including
silicon oxide represented by SiO, (0<x<2)and a coating layer
including metal oxide. The metal of the metal oxide includes
at least one selected from aluminum (Al), titanium (Ti),
cobalt (Co), magnesium (Mg), calcium (Ca), potassium (K),
sodium (Na), boron (B), strontium (Sr), barium (Ba), manga-
nese (Mn), nickel (Ni), vanadium (V), iron (Fe), copper (Cu),
phosphorus (P), scandium (Sc), zirconium (Zr), niobium
(Nb), chromium (Cr), and molybdenum (Mo). The core has a
concentration gradient where an atom % concentration of a
silicon (Si) element decreases, and an atom % concentration
of oxygen (O) element increases according to increase of a
depth from a surface contacting the coating layer to the center
of'the core. Inthe core, a depth from the surface contacting the
coating layer where a concentration of the silicon (Si) ele-
ment is about 55 atom % may be about Y50 to about %5 of a
diameter of the core. In the core, a sum of concentrations of
the silicon (Si) element and oxygen (O) element may be 100
atom %.

The silicon-based negative active material may be etched
to have the aforementioned concentration gradient. Since the
coating layer may be formed of a porous material such as the
metal oxide, the coating layer may permeate an etchant used
in the etching process to the core, but not be etched.

Silicon oxide included in the core is etched to form pores in
the core. The pores may work as a buffer during the volume
expansion of silicon and thus, improve cycle-life character-
istics of a rechargeable lithium battery including the silicon-
based negative active material.

As described above, during the etching process, the metal
coating layer is not etched, and only the silicon oxide core is
etched, and thus, a pore is formed in the core and also, may be
formed on the contact surface between the core and the coat-
ing layer. As a result, the silicon-based negative active mate-
rial may include a pore in at least one part of the contact
surface between the core and the coating layer.

The core may further include Si. For example, the core may
be formed of silicon oxide including Si grains, that is, may
include crystalline Si and non-crystalline silicon oxide. The
Simay be included in an amount of about 50 wt % to about 70
wt % based on 100 wt % of the core, and the amount of Si
includes both the amount of Si in the crystalline Si and the
amount of Si in the non-crystalline silicon oxide. In one
embodiment, when the Si is included within the range, high-
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capacity and excellent cycle-life characteristics of a lithium
rechargeable battery are efficiently accomplished.

The silicon-based negative active material includes pores
formed by etching silicon oxide (SiO,) such as SiO,, SiO, and
the like but not the crystalline Si as aforementioned. Accord-
ingly, the core formed by the etching may include relatively
more Si. As a result, the silicon-based negative active material
may realize a high-capacity electrode for a rechargeable
lithium battery. For example, the SiO, may have 0.5<x<1.5.
Specifically, the silicon oxide particle may be SiO, having x
in a range of about 0.6 to about 0.95. More specifically, the
SiO, may have x ranging from about 0.7 to about 0.9 based on
the entire particle. In one embodiment, when the silicon oxide
particle includes a silicon (Si) element within the range,
capacity and efficiency of a rechargeable lithium battery are
appropriately improved.

In addition, the core formed by the etching is more etched
toward the contact surface with the coating layer but less
etched toward the center of the core. In other words, the core
has high porosity toward the contact surface of the coating
layer but low porosity toward the center of the core. Specifi-
cally, the core has a concentration gradient in which a silicon
(Si) element has an increasing atom % concentration toward
the contact surface of the coating layer but a decreasing atom
% concentration toward the center of the core, while the
oxygen (O) element has a decreasing atom % concentration
toward the contact surface of the coating layer but an increas-
ing atom % concentration toward the center of the core.

In one embodiment, the core has a concentration gradient
where at a depth from the surface contacting the coating layer
where a concentration of the silicon (Si) element is about 55
atom % corresponds to about 2% to about 20% of a diameter
of'the core. In another embodiment, the depth is about 6% to
about 12% of the diameter of the core.

In one embodiment, in the core, in a graph showing or in an
integration of an atom % concentration of the silicon (Si)
element according to the depth from the surface contacting
the coating layer to the center of the core, an integral value of
an atom % concentration of the silicon (Si) element from the
depth of 0 to the depth where the concentration of the silicon
(Si) element is about 55 atom % may range from about 5000
nm atom % to about 40000 nm atom %. In another embodi-
ment, the integral value is about 5000 nm atom % to about
38000 nm atom %.

Herein, an element concentration depending on the depth
from the surface of the core contacting with the coating layer
to the center of the core may be measured using, for example,
XPS (X-ray photoelectron spectroscopy).

In one embodiment, in the core, the depth from the surface
contacting the coating layer where a concentration of the
silicon (Si) element is about 55 atom % is about 100 nm to
about 1000 nm of the diameter of the core. In another embodi-
ment, the depth is about 300 to about 600 nm.

Since silicon oxide (such as SiO, and the like) included in
the core may hinder a reaction with lithium that deteriorates
performance of a negative electrode, the silicon negative
active material is prepared by decreasing the concentration of
the silicon oxide toward the contact surface of the core with
the coating layer and thereby improving reactivity with
lithium and thus, may lower lithium reaction hindrance and
improve electrochemical properties of a rechargeable lithium
battery.

In this way, the silicon-based negative active material is
silicon oxide-based and may still realize high-capacity and
improved cycle-life characteristics of a rechargeable lithium
battery.
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The core may have an average particle diameter of about
0.1 um to about 100 um. In one embodiment, when the core
has an average particle diameter within the range, a recharge-
able lithium battery has excellent cycle-life and capacity
characteristics.

The coating layer may have a thickness of about 5 nm to
about 100 nm. In one embodiment, when the coating layer has
a thickness within the range, a rechargeable lithium battery
has excellent cycle-life and capacity characteristics.

The silicon-based negative active material may have a spe-
cific surface area of about 10 m*/g to about 500 m*g. Spe-
cifically, the silicon-based negative active material may have
a specific surface area of about 10 m*/g to about 40 m*/g.
More specifically, the silicon-based negative active material
may have a specific surface area of about 10 m*/g to about 30
m?/g. In one embodiment, when the silicon-based negative
active material has a specific surface area within the range, a
rechargeable lithium battery has excellent cycle-life and
capacity characteristics.

A weight ratio of the core to the coating layer may range
from about 99.9:0.1 to about 95:5. In one embodiment, when
the core and the coating layer are formed within the content
ratio, a silicon-based negative active material prepared by
using an etchant appropriately passing the coating layer dur-
ing the etching and forming a concentration gradient in the
core as aforementioned accomplishes excellent cycle-life and
capacity characteristics of a rechargeable lithium battery.

The silicon-based negative active material may further
include an outermost coating layer including a carbon-based
material. The outermost coating layer including a carbon-
based material may further improve initial efficiency and
cycle-life characteristics of a rechargeable lithium battery.

The carbon-based material may be crystalline carbon or
amorphous carbon. The crystalline carbon may be non-
shaped, or sheet, flake, spherical, or fiber-shaped natural
graphite or artificial graphite. The amorphous carbon may be
a soft carbon, a hard carbon, a mesosphere pitch carbonized
product, fired coke, and the like.

The carbon-based material may be used in an amount of
less than or equal to about 50 wt % and specifically, in an
amount of about 1 wt % to about 5 wt % for the surface
treatment of the silicon-based negative active material. In one
embodiment, when the silicon-based negative active material
includes the carbon-based material within the range, a
rechargeable lithium battery is prevented from extreme initial
efficiency decrease.

When, in the silicon-based negative active material having
acoating layer including a metal oxide, a metal is Ti, the metal
oxide may be TiO,. The TiO, may be partly transformed into
TiO, (0<x<2, e.g. Ti,0;, Ti;Os, etc.) by aheat applied to form
the outermost coating layer including a carbon-based mate-
rial at the outermost of the silicon-based negative active mate-
rial. Herein, the coating layer may include both TiO, and TiO,,
(0<x<2). The TiO, and TiO, (0<x<2) respectively has differ-
ent porosity, the entire porosity of the silicon-based negative
active material may be adjusted by controlling whether or not
the carbon-based material is used to form the outermost coat-
ing layer, a temperature for heating the outermost coating
layer formed of the carbon-based material, and/or the like.

In one embodiment, the silicon-based negative active
material is formed by the following method.

According to one embodiment of the present invention, a
method of preparing the silicon-based negative active mate-
rial includes coating a silicon oxide particle represented by
Si0, (0<x<2) with metal oxide to form a coating layer; and
dipping the silicon oxide particle coated with the metal oxide
in an etching solution to perform an etching process.

10

15

20

25

30

35

40

45

50

55

60

65

6

The metal of the metal oxide may be at least one selected
from aluminum (Al), titanium (Ti), cobalt (Co), magnesium
(Mg), calcium (Ca), potassium (K), sodium (Na), boron (B),
strontium (Sr), barium (Ba), manganese (Mn), nickel (Ni),
vanadium (V), iron (Fe), copper (Cu), phosphorus (P), scan-
dium (Sc), zirconium (Zr), niobium (Nb), chromium (Cr),
and molybdenum (Mo).

The detailed description of the silicon-based negative
active material prepared in the manufacturing method is the
same as aforementioned.

The silicon oxide particle represented by SiO, (0<x<2)
may be prepared by a suitable commercially available
method. In addition, the silicon oxide particle including Si
grains may be used as described above.

For example, SiO powder may be used, and the Si grains
may be produced by heat-treating the SiO powder as
described later.

The coating process of metal oxide may be mechanofusion,
chemical vapor deposition (CVD), sputtering, precipitation,
filtering, vacuum-drying, and/or the like, but the present
invention is not limited thereto.

The silicon oxide particles coated with a metal oxide may
be heat-treated in the air or under a reduction atmosphere. The
heat treatment may be performed at a temperature ranging
from about 400° C. to about 900° C. Herein, the silicon oxide
particles may be additionally dried at a temperature ranging
from about 100° C. to about 150° C. for about 2 hours to about
10 hours. After the drying, the silicon oxide particles may be
immediately heat-treated and be slowly cooled down to room
temperature and then, increased to be at a temperature rang-
ing from about 400° C. to about 900° C. by heating. The heat
treatment may be performed for about 8 hours to about 15
hours within the temperature range.

The reduction atmosphere is an atmosphere for reducing
the silicon-based negative active material without any par-
ticular limit and may include a nitrogen (N,) gas atmosphere,
ahydrogen (H,) gas atmosphere, argon (Ar), a vacuum atmo-
sphere, and/or the like. In addition, the silicon oxide particles
are mixed with Super P and/or the like as a carbon source and
then, may be heat-treated together to produce a reduction
atmosphere.

The silicon-based negative active material prepared in the
aforementioned method is coated with a metal oxide and then,
etched so that pulverization of the coating layer may be
reduced or minimized due to the etching. The more the coat-
ing layer is pulverized, the larger surface area the negative
active material has, forming a larger SEI film on the surface of
anegative electrode and thereby increasing its non-reversibil-
ity. In addition, since the negative active material has less
bonding with a current collector during preparation of slurry,
the amount of the binder needed may increase and thus,
decrease capacity. Accordingly, the silicon-based negative
active material prepared by reducing or minimizing pulveri-
zation of the coating layer may accomplish stability and high-
capacity of a rechargeable lithium battery. For example, the
silicon-based negative active material may have a specific
surface area ranging from about 10 m*/g to about 500 m*/g
and specifically, about 10 m*g to about 40 m?*g. In one
embodiment, when the silicon-based negative active material
has a specific surface area within the range, a rechargeable
lithium battery has excellent cycle-life and capacity charac-
teristics.

For example, the method may provide a silicon-based
negative active material having a specific surface area by
minimizing pulverization and including silicon oxide (SiO,)
having 0.5<x<1.5. In one embodiment, when the silicon
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oxide particle includes a silicon (Si) element within the range,
capacity and efficiency of a lithium rechargeable battery is
appropriately improved.

The etching solution may include an etchant such as acid or
an F ion-containing compound. In other words, the etchant
may include any material used in a common etching solution
without any particular limit but, for example, acid such as
nitric acid, sulfuric acid, or the like and/or an F ion-containing
compound such as HF, NH,F, NH,HF,, or thelike. According
to one embodiment of the present invention, the F ion-con-
taining compound may be used as an etchant for faster etch-
ing.

The etching solution may have an F ion concentration
ranging from about 0.5M to about 12M or a solution of
equivalent concentration having the same etching rate, and
the silicon oxide particles coated with a metal oxide may be
dipped into this etching solution for about 10 minutes to about
120 minutes and etched.

FIG. 1 is a schematic view showing a method of manufac-
turing a silicon-based negative active material according to an
exemplary embodiment of the present invention. Referring to
FIG. 1, a metal oxide coating layer (b) is formed on silicon
oxide (a) [step 1], and the silicon oxide (a) having the metal
oxide coating layer (b) is etched [step 2] to form an etched
silicon oxide core (c).

After etching the silicon oxide particle coated with the
metal oxide, the etched silicon oxide particle is further sur-
face-treated with a carbon-based material to form an outer-
most coating layer.

The carbon-based material is the same as aforementioned,
and the surface treatment may be performed in a common
method without any particular limit. In particular, the surface
treatment may include magnetron sputtering, electron beam
deposition, IBAD (ion beam assisted deposition), CVD
(chemical vapor deposition), sol-gel, and/or ionization of
evaporated particles.

According to another embodiment of the present invention,
a rechargeable lithium battery includes a negative electrode
including the silicon-based negative active material; a posi-
tive electrode including a positive active material being
capable of intercalating and deintercalating lithium; and a
non-aqueous electrolyte.

A rechargeable lithium battery may be classified as a
lithium ion battery, a lithium ion polymer battery, and a
lithium polymer battery according to a separator and kinds of
an electrolyte used therein. The rechargeable lithium battery
may have a variety of suitable shapes and sizes and thus, may
be a cylindrical, prismatic, coin, or pouch-shape battery and
may be a thin film battery or a bulky battery in size. The
structure and fabricating method for a lithium ion battery
pertaining to the present invention are well known in the art.

FIG. 2 is an exploded perspective view showing the sche-
matic structure of a rechargeable lithium battery. Referring to
FIG. 2, the rechargeable lithium battery 100 is a cylindrical
battery that includes a negative electrode 112, a positive elec-
trode 114, a separator 113 interposed between the negative
electrode 112 and the positive electrode 114, an electrolyte
impregnating the separator 113, a battery case 120, and a
sealing member 140 sealing the battery case 120. The
rechargeable lithium battery 100 is fabricated by sequentially
laminating the negative electrode 112, the positive electrode
114, and the separator 113, spirally winding them, and hous-
ing the spiral-wound product in a battery case 120.

The negative electrode includes a current collector and a
negative active material layer formed on the current collector.
The negative active material layer may include the silicon-
based negative active material described above.
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The silicon-based negative active material is the same as
described above.

The negative active material may further include a material
selected from an alkali metal, an alkaline-earth metal, Group
13 to 16 elements, a transition element, a rare earth element,
and combinations thereof (but not Si) as well as the silicon-
based negative active material. Specific examples of the mate-
rial include Mg, Ca, Sr, Ba, Ra, Sc, Y, Ti, Zr, Hf, Rf, V, Nb, Ta,
Db, Cr, Mo, W, Sg, Tc, Re, Bh, Fe, Pb, Ru, Os, Hs, Rh, Ir, Pd,
Pt, Cu, Ag, Au, Zn, Cd, B, Al, Ga, Sn, In, Ti, Ge, P, As, Sb, Bi,
S, Se, Te, Po, or a combination thereof.

The negative active material layer includes a binder and
optionally, a conductive material.

The binder improves binding properties of negative active
material particles with one another and with a current collec-
tor. Examples of the binder include at least one selected from
the group consisting of polyvinyl alcohol, carboxylmethyl
cellulose, hydroxypropyl cellulose, diacetyl cellulose, poly-
vinylchloride, carboxylated polyvinylchloride, polyvi-
nylfluoride, an ethylene oxide-containing polymer, polyvi-
nylpyrrolidone,  polyurethane, polytetrafluoroethylene,
polyvinylidenefluoride, polyethylene, polypropylene, a sty-
rene-butadiene rubber, an acrylated styrene-butadiene rub-
ber, an epoxy resin, nylon, and the like but are not limited
thereto.

The conductive material improves electrical conductivity
of a negative electrode. Any electrically conductive material
can be used as a conductive agent, unless it causes a chemical
change. Examples of the conductive material include at least
one selected from a carbon-based material (such as natural
graphite, artificial graphite, carbon black, acetylene black,
ketjen black, a carbon fiber, or the like); a metal-based mate-
rial of a metal powder or a metal fiber (including copper,
nickel, aluminum, silver, or the like); a conductive polymer
(such as a polyphenylene derivative, or the like); or a mixture
thereof.

The current collector includes a copper foil, a nickel foil, a
stainless steel foil, a titanium foil, a nickel foam, a copper
foam, a polymer substrate coated with a conductive metal, or
a combination thereof.

The positive electrode may include a current collector and
a positive active material layer formed on the current collec-
tor.

The positive active material includes a lithiated intercala-
tion compound that reversibly intercalates and deintercalates
lithium ions. The positive active material may include a com-
posite oxide including at least one selected from the group
consisting of cobalt, manganese, and nickel, as well as
lithium. Specific examples may be the compounds repre-
sented by the following chemical formulae:

Li,A,_,R,D, (0.90=a<1.8 and 0=<b=0.5); Li E; ,R, O, .
D, (0.90=a<1.8, 0=b=0.5 and 0=c=<0.05); LiE,_,R, O, D,
(0=b=0.5, 0=c=0.05); Li,Ni, , Co,RD, (0.90=a<l.28,
0<b=0.5, 0=c=<0.05 and O<a=<2); LiNi, , .Co,R.O, Z,
(0.90=a=<1.8, 0=b=0.5, 0=c<0.05 and 0<o<2); Li Ni,_, .
Co,R.0O,_,7Z, (0.90<a<1.8, 0=b=0.5, 0=c=0.05 and O<a=2);
Li,Ni,_, Mn,R D, (0.90=a<1.8, 0<b=0.5, 0=c=0.05 and
O<o=2); LiNi, , Mn,R O, 7, (0.90=<a<l.8, 0<b=0.5,
0=c=0.05 and  O<a<2); Li,Ni,_, Mn,R.O, 7,
(0.90=a=<1.8, 0<b=0.5, 0=c=0.05 and 0<o<2); Li Ni, E_G O,
(0.90=a<1.8, 0=<b=0.9, 0=c=0.5 and 0.001=d=<0.1); Li,Ni,-
Co Mn,GeO, (wherein, in the above formula, 0.90=a=<1.8,
0<b=0.9, 0=c=0.5, 0=d=0.5 and 0.001=e<0.1); Li NiG,O,
(0.90=a<1.8 and 0.001<b=0.1); Li,CoG,0, (0.90=a<1.8 and
0.001=b=0.1); Li,MnG,0, (0.90=a<1.8 and 0.001=b=0.1);
Li,Mn,G,0O, (0.90<a<1.8 and 0.001=b=0.1); QO,; QS,;
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LiQS,; V,0s; LiV,05; LiTO,; LiNiVO,; Lis_gl,(PO,);
(0=f=2); Li;_pnFe,(PO,);(0=f=2); and LiFePO,.

In the above Chemical Formulae, A is Ni, Co, Mn, or a
combination thereof; R is Al, Ni, Co, Mn, Cr, Fe, Mg, Sr, V, a
rare earth element, or a combination thereof; Dis O, F, S, P, or
a combination thereof; E is Co, Mn, or a combination thereof;
Zis F, S, P, or a combination thereof; G is Al, Cr, Mn, Fe, Mg,
La, Ce, Sr, V, or a combination thereof; Q is Ti, Mo, Mn, or a
combination thereof; T is Cr, V, Fe, Sc, Y, or a combination
thereof;, and I is V, Cr, Mn, Co, Ni, Cu, or a combination
thereof.

The positive active material may be a compound with the
coating layer on the surface or a mixture of the active material
and a compound with the coating layer thereon. The coating
layer may include at least one coating element compound
selected from the group consisting of an oxide and a hydrox-
ide of the coating element, an oxyhydroxide of the coating
element, an oxycarbonate of the coating element, and a
hydroxycarbonate of the coating element. The compound for
the coating layer may be either amorphous or crystalline. The
coating element included in the coating layer may be selected
from Mg, Al, Co, K, Na, Ca, Si, Ti, V, Sn, Ge, Ga, B, As, Zr,
and a mixture thereof. The coating process may include any
suitable processes unless it causes any side effects on the
properties of the positive active material (e.g., the coating
process may include spray coating, immersing, etc.), which is
well known to those who have ordinary skill in this art and
will not be described in more detail.

The positive active material layer further includes a binder
and a conductive material.

The binder improves binding properties of the positive
active material particles to one another and to a current col-
lector. Examples of the binder include at least one selected
from the group consisting of polyvinyl alcohol, carboxylm-
ethyl cellulose, hydroxypropy! cellulose, diacetyl cellulose,
polyvinylchloride, carboxylated polyvinylchloride, polyvi-
nylfluoride, an ethylene oxide-containing polymer, polyvi-
nylpyrrolidone, polyurethane, polytetrafluoroethylene, poly-
vinylidenefluoride, polyethylene, polypropylene, a styrene-
butadiene rubber, an acrylated styrene-butadiene rubber, an
epoxy resin, nylon, and the like but are not limited thereto.

The conductive material improves electrical conductivity
of a positive electrode. Any electrically conductive material
may be used as a conductive agent unless it causes a chemical
change. Examples of the conductive material include at least
one selected from natural graphite, artificial graphite, carbon
black, acetylene black, ketjen black, a carbon fiber, a metal
powder or a metal fiber including copper, nickel, aluminum,
silver, and the like. A conductive material such as a polyphe-
nylene derivative and the like may be mixed.

The current collector may be Al but is not limited thereto.

The negative and positive electrodes may be fabricated in a
method of preparing an active material composition by mix-
ing the active material, a conductive material, and a binder
and coating the composition on a current collector. The elec-
trode manufacturing method is well known and thus, is not
described in more detail in the present specification. The
solvent includes N-methylpyrrolidone and the like but is not
limited thereto.

The electrolyte may include a non-aqueous organic solvent
and a lithium salt.

The non-aqueous organic solvent plays a role of transmit-
ting ions taking part in the electrochemical reaction of a
battery.

The non-aqueous organic solvent may include a carbonate-
based, ester-based, ether-based, ketone-based, alcohol-
based, or aprotic solvent but is not limited thereto. The car-
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10

bonate-based solvent may include dimethylcarbonate
(DMCQ), diethylcarbonate (DEC), dipropylcarbonate (DPC),
methylpropylcarbonate (MPC), ethylpropylcarbonate (EPC),
ethylmethylcarbonate (EMC), ethylenecarbonate (EC), pro-
pylenecarbonate (PC), butylenecarbonate (BC), and/or the
like. The ester-based solvent may include methylacetate,
ethylacetate, n-propylacetate, dimethylacetate, methylpropi-
nonate, ethylpropinonate, y-butyrolactone, decanolide, vale-
rolactone, mevalonolactone, caprolactone, and/or the like.
The ether-based solvent may include dimethyl ether, dibutyl
ether, tetraglyme, diglyme, dimethoxyethane, 2-methyltet-
rahydrofuran, tetrahydrofuran (THF), and/or the like. The
ketone-based solvent may include cyclohexanone, and/or the
like. The alcohol-based solvent may include ethanol, isopro-
pylalcohol, and/or the like. The aprotic solvent include
nitriles such as R—CN (wherein R is a C2 to C20 linear,
branched, or cyclic hydrocarbon, and may include one or
more double bonds, one or more aromatic rings, or one or
more ether bonds), amides such as dimethylformamide, dim-
ethylacetamide, dioxolanes such as 1,3-dioxolane, sul-
folanes, and/or the like.

The non-aqueous organic solvent may be used singularly
or in a mixture. When the organic solvent is used in a mixture,
its mixture ratio can be controlled in accordance with desir-
able performance of a battery.

The carbonate-based solvent may include a mixture of a
cyclic carbonate and a linear carbonate. The cyclic carbonate
and the linear carbonate are mixed together in a volume ratio
ofabout 1:1 to about 1:9 as an electrolyte. The electrolyte may
have enhanced performance.

In addition, the electrolyte of the present invention may be
prepared by further adding the aromatic hydrocarbon-based
solvent to the carbonate-based solvent. The carbonate-based
solvent and the aromatic hydrocarbon-based solvent are
mixed together in a volume ratio of about 1:1 to about 30:1.

The aromatic hydrocarbon-based organic solvent may be
represented by the following Chemical Formula 1.

[Chemical Formula 1]

R¢ Ry

Rs R;

Ry

In Chemical Formula 1, R, to R, are each independently
hydrogen, halogen, a C1 to C10 alkyl group, a C1 to C10
haloalkyl group, or a combination thereof.

The aromatic hydrocarbon-based organic solvent may
include, but is not limited to, at least one selected from ben-
zene, fluorobenzene, 1,2-difluorobenzene, 1,3-difluoroben-
zene, 1,4-difluorobenzene, 1,2,3-trifluorobenzene, 1,2,4-trif-
luorobenzene, chlorobenzene, 1,2-dichlorobenzene, 1,3-
dichlorobenzene, 1,4-dichlorobenzene, 1,2,3-
trichlorobenzene, 1,2,4-trichlorobenzene, iodobenzene, 1,2-
diiodobenzene, 1,3-diiodobenzene, 1,4-diiodobenzene, 1,2,
3-triiodobenzene, 1,2,4-triiodobenzene, toluene,
fluorotoluene, 1,2-difluorotoluene, 1,3-difluorotoluene, 1,4-
difluorotoluene, 1,2,3-trifluorotoluene, 1,2,4-trifluorotolu-
ene, chlorotoluene, 1,2-dichlorotoluene, 1,3-dichlorotolu-
ene, 1,4-dichlorotoluene, 1,2,3-trichlorotoluene, 1,2,4-
trichlorotoluene, iodotoluene, 1,2-diiodotoluene, 1,3-
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diiodotoluene, 1,4-diiodotoluene, 1,2,3-triiodotoluene, 1,2,
4-triiodotoluene, xylene, and a combination thereof.

The non-aqueous electrolyte may further include vinylene
carbonate or an ethylene carbonate-based compound repre-
sented by the following Chemical Formula 2 in order to
improve cycle-life of a battery.

[Chemical Formula 2]

In Chemical Formula 2, R, and Rq are each independently
hydrogen, a halogen, a cyano group (CN), a nitro group (NO,)
or a C1 to C5 fluoroalkyl group, provided that at least one of
R, and Ry is a halogen, a cyano group (CN), a nitro group
(NO,) or a C1 to C5 fluoroalkyl group.

Examples of the ethylene carbonate-based compound
include difluoroethylene carbonate, chloroethylene carbon-
ate, dichloroethylene carbonate, bromoethylene carbonate,
dibromoethylene carbonate, nitroethylene carbonate, cyano-
ethylene carbonate, fluoroethylene carbonate, and combina-
tions thereof. The use amount of the vinylene carbonate or the
ethylene carbonate-based compound for improving cycle life
may be adjusted within an appropriate range.

The lithium salt is dissolved in the non-aqueous solvent
and supplies lithium ions in a rechargeable lithium battery,
and basically operates the rechargeable lithium battery and
improves lithium ion transfer between positive and negative
electrodes. The lithium salt include at least one supporting
salt selected from LiPF,, LiBF,, LiSbF,, LiAsFq,
LiC,F,SO;, LiClO,, LiAlO,, LiAlCl,, LiN(C,F,,,,;SO,)
(C,F,,.,,80,) (wherein, x and y are natural numbers), LiCl,
Lil, LiB(C,0,), (lithium bis(oxalato) borate, LiBOB), and a
combination thereof. The lithium salt may be used in a con-
centration of about 0.1M to about 2.0M. When the lithium salt
is included within the above concentration range, it may
improve electrolyte performance and lithium ion mobility
due to desired electrolyte conductivity and viscosity.

The separator 113 may include any suitable materials com-
monly used in the conventional lithium battery for separating
(e.g., insulating) a negative electrode 112 from a positive
electrode 114 and providing a transporting passage of lithium
ion. In other words, it may have a low resistance to ion
transport and an excellent impregnation for electrolyte. For
example, it may be selected from glass fiber, polyester,
TEFLON (tetrafluoroethylene), polyethylene, polypropy-
lene, polytetrafluoroethylene (PTFE), or a combination
thereof. It may have a form of a non-woven fabric or a woven
fabric. For example, for the lithium ion battery, a polyolefin-
based polymer separator such as polyethylene, polypropy-
lene or the like can be used as a major component. In order to
ensure the heat resistance or mechanical strength, a coated
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separator including a ceramic component or a polymer mate-
rial may also be used. Selectively, it may have a mono-layered
or multi-layered structure.

The following examples illustrate the present invention in
more detail. These examples, however, should not in any
sense be interpreted as limiting the scope of the present inven-
tion.

EXAMPLES

10 Example 1

Preparation of Negative Active Material

In order to coat silicon oxide with TiO,, 10 g of SiO silicon
oxide powder was added to 200 mL of ethanol and the mixture
was dispersed with an ultrasonic wave. 0.2 mL of ammonium
hydroxide and 1 mL. of water were then added thereto, and the
resulting mixture was agitated. Next, 3.7 mL of titanium
isopropoxide was added to the agitated mixture at a speed of
0.02 ml./min. After the addition was complete, the resulting

20 mixture was additionally agitated for 4 hours at 50° C. When

the reaction was complete, the reactant was washed with
excess amount of distilled water and dried.

The dried powder was heat-treated under an inactive atmo-
sphere (e.g., an inert atmosphere) at 600° C. for 1 hour.

The coated powder was added to 500 mL. of a 2% fluoric
acid aqueous solution, and the mixture was agitated for 30
minutes. The agitated reactant was washed with a large
amount of distilled water using an aspirator, dried, and stored,
thereby preparing a silicon-based negative active material.

30 Comparative Example 1

10 g of SiO silicon oxide powder was added to 500 mL of
a 2% fluoric acid aqueous solution, and the mixture was
agitated for 30 minutes. When the agitation was complete, the

35 reactant was washed with excess amount of distilled water,

dried, and stored.

Then, in order to coat the etched silicon oxide with TiO,, 10
g of SiO, was added to 200 mL of ethanol, and the mixture
was dispersed with an ultrasonic wave. 0.2 mL of ammonium
hydroxide and 1 mL of water were added thereto, and the
mixture was agitated. Next, 3.7 mL of titanium isopropoxide
was added to the agitated mixture at a speed of 0.02 mL/min.
After the addition, the reactant was additionally agitated for 4
hours at 50° C. When the reaction was complete, the agitated
reactant was washed with a large amount of distilled water
using an aspirator and dried.

The dried powder was heat-treated under an inactive atmo-
sphere at 600° C. for 1 hour.

Each negative active material according to Example 1 and
Comparative Example 1 were measured about surface area.

50 The results are provided in Table 1. The following Table 1

shows the surface areas of the initial SiO silicon oxide pow-
ders before used in Example 1 and Comparative Example 1,
the surface area of the negative active material coated with
TiO, before the etching in Example 1, and the surface area of
silicon oxide etched before coated with TiO, in Comparative
Example 1.

TABLE 1

Surface area

Silicon oxide after  Negative active Negative active

Initial SiO  etching and before material of material after coat-  Negative active
silicon oxide coating in Compara- Comparative  ing and before etching material of
powder tive Example 1 Example 1 in Example 1 Example 1
BET (m?/g) 1.68 28.26 32.14 9.6 21.08
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When an initial SiO silicon oxide powder is only etched, it
has an increased surface area of 28.26 m?/g, whereas when
the initial SiO silicon oxide powder is only coated (and not yet
etched), it has an increased surface area of 9.6 m*/g. Accord-
ingly, the etching remarkably increased the surface area of the
SiO silicon oxide powder. When an initial SiO silicon oxide
powder is coated with TiO, and then, etched according to
Example 1, it has a decreased surface area of 21.08 m?/g,
while when the initial SiO silicon oxide powder is etched and
then, coated with TiO, according to Comparative Example 1,
it has an increased surface area of 32.14 m*/g.

Experimental Example 1
Cycle-life Characteristic

Each negative active material according to Example 1 and
Comparative Example 1 was respectively used to fabricate a
18650 cylindrical battery cell. Herein, an electrode was fab-
ricated using Super-P as a conductive material, PI (a polyim-
ide) as a binder, and NMP (N-METHYL-2-PYRROLI-
DONE) as a solvent and mixing an active material:the
conductive material:the binder in a weight ratio of 80:10:10.
A rechargeable lithium battery cell having the structure
shown in FIG. 2, was fabricated by using LiCoO, as a positive
electrode, inserting a separator between the electrodes, spi-
rally-winding the resulting product, inserting the spirally-
wound product, injecting an electrolyte solution therein, and
sealing it. The electrolyte solution was prepared by mixing
EC (ethylenecarbonate)/EMC (ethylmethylcarbonate)/DMC
(dimethylcarbonate) in a ratio of 3/3/4, dissolving 1M LiPF
therein and adding a FEC (fluorinated ethyl carbonate) addi-
tive thereto. At this time, the amount of FEC was 5 vol %
based on 100 volume % of total volume of EC, EMC and
DMC.

The rechargeable lithium battery cell was measured
regarding cycle-life characteristics. FIG. 3 is a graph showing
cycle-life characteristics of the rechargeable lithium battery
cells fabricated using the negative active materials according
to Example 1 and Comparative Example 1.

While this invention has been described in connection with
what is presently considered to be practical exemplary
embodiments, it is to be understood that the invention is not
limited to the disclosed embodiments, but, on the contrary, is
intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims, and equivalents thereof.

What is claimed is:

1. A silicon-based negative active material, comprising:

a core comprising silicon oxide represented by SiO,

(0<x<2); and
a coating layer comprising metal oxide,
wherein:
the metal of the metal oxide comprises at least one selected
from aluminum (Al), titanium (T1), cobalt (Co), magne-
sium (Mg), calcium (Ca), potassium (K), sodium (Na),
boron (B), strontium (Sr), barium (Ba), manganese
(Mn), nickel (Ni), vanadium (V), iron (Fe), copper (Cu),
phosphorus (P), scandium (Sc), zirconium (Zr), niobium
(Nb), chromium (Cr), and molybdenum (Mo),

the core has a concentration gradient where an atom %
concentration of a silicon (Si) element decreases accord-
ing to increase of a depth from a surface contacting the
coating layer to the center of the core, and an atom %
concentration of an oxygen (O) element increases
according to increase of the depth from the surface con-
tacting the coating layer to the center of the core, and
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the depth from the surface contacting the coating layer
where a concentration of the silicon (Si) element is about
55 atom % corresponds to about 2% to about 20% of a
diameter of the core.

2. The silicon-based negative active material of claim 1,
wherein in the coating layer, in an integration of an atom %
concentration of the silicon (Si) element according to the
depth from the surface contacting the coating layer to the
center of the core, an integral value of the atom % concentra-
tion of the silicon (Si) element from the depth of 0 to the depth
where the concentration of the silicon (Si) element is about 55
atom % is in a range from about 5000 nm atom % to about
40000 nm atom %.

3. The silicon-based negative active material of claim 1,
wherein the depth from the surface contacting the coating
layer where the concentration of the silicon (Si) element is
about 55 atom % corresponds to about 100 nm to about 1000
nm.
4. The silicon-based negative active material of claim 1,
wherein the core comprises crystalline silicon (Si) and non-
crystalline silicon oxide.

5. The silicon-based negative active material of claim 4,
wherein an amount of Si is about 50 wt % to about 70 wt %
based on 100 wt % of the core, and the amount of Si includes
both the amount of Si in the crystalline Si and the amount of
Si in the non-crystalline silicon oxide.

6. The silicon-based negative active material of claim 4,
wherein a concentration of the crystalline silicon (Si)
increases toward the surface contacting the coating layer.

7. The silicon-based negative active material of claim 1,
wherein the core comprises SiO,, and wherein 0.5<x<1.5 and
x indicates a content ratio of the silicon (Si) element to the
oxygen (O) element.

8. The silicon-based negative active material of claim 1,
wherein the core has an average particle diameter of about 0.1
pum to about 100 pm.

9. The silicon-based negative active material of claim 1,
wherein the silicon-based negative active material has a spe-
cific surface area of about 10 m*/g to about 500 m*/g.

10. The silicon-based negative active material of claim 1,
wherein a pore is included in at least one part of the surface of
contact between the core and coating layer.

11. The silicon-based negative active material of claim 1,
wherein the coating layer has a thickness of about 5 nm to
about 100 nm.

12. The silicon-based negative active material of claim 1,
wherein a weight ratio of the core to the coating layer is in a
range from about 99.9:0.1 to about 95:5.

13. The silicon-based negative active material of claim 1,
wherein the metal oxide is Ti oxide, and the Ti oxide is TiO,,
TiO, (0<x<2), or a combination thereof.

14. The silicon-based negative active material of claim 1,
wherein the silicon-based negative active material further
comprises an outermost coating layer comprising a carbon-
based material.

15. A rechargeable lithium battery, comprising:

a negative electrode comprising the silicon-based negative

active material according to claim 1;

a positive electrode comprising a positive active material

for intercalating and deintercalating lithium; and

a non-aqueous electrolyte.

16. The rechargeable lithium battery of claim 15, wherein
in the coating layer, in an integration of an atom % concen-
tration of the silicon (Si) element according to the depth from
the surface contacting the coating layer to the center of the
core, an integral value of the atom % concentration of the
silicon (Si) element from the depth of O to the depth where the



US 9,088,045 B2
15 16

concentration of the silicon (Si) element is about 55 atom %
is in a range from about 5000 nm atom % to about 40000 nm
atom %.

17. The rechargeable lithium battery of claim 15, wherein
the depth from the surface contacting the coating layer where 5
the concentration of'the silicon (Si) element is about 55 atom
% corresponds to about 100 nm to about 1000 nm.
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